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SOL~D~STATE FERMENTATION OF 
SWEET SORGHUM TO ETHANOL 
by 
James .A 11 en Cunne 
. . 
ABSTRACT 
The pith of sweet sorghum was used as a substrate for so 1 id:-
state fennentation by the yeast, h cerevisiae. In preparing the sor-
ghum, chopping was necessary but no pre-squeezing was required to make 
the sugars accessible to the yeast. Reducing the moisture level of 
the mash (chopped sorghum plus yeast) increased the fennentation rate, 
but decreased ethanol yield. Due to its low water ·activity, dehy-
drated sorghum did not require sterilization. Sweet sorghum provided 
the yeast with all required nutrients and buffered the mash against a 
1 arge drop in pH. For shakefl ask fennentations shorter than 60 hours, 
sodium sulfide established anaerobic conditions that improved ethanol 
yields. High fennentation rates were attained at a temperature of 
35° C. and an inoculum strength of 2 x 108 cells/g. raw sorghum. Ex-
periments in a rotary-drum fermenter showed that agitation decreases 
the fermentation rate, but increases the ethanol yield; a maximum con-
centration of 10.5 grams ethanol/100 ml. juice was attained at a ro-
tation rate of one r.p.m. Quantification of yeast biomass .by removal 
of cells from the sorghum particles was not effective. 
Thesis Supervisor: Dr. Fikret Kargi 
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I • INTRODUCTION 
A. Technical Background 
During the late 1970's, it was believed that a steadily increas-
ing demand for premium fuels in the United States could not continue to 
be met by traditional fossil sources at reasonable prices. As the 
price of petroleum rose,. alternative renewable resources were sought 
to supplement the domes.tic supply of .energy [l]. One scheme that has 
been given considerable attention in this respect is the production ?f 
ethanol from sugar crops via fennentation [2-4]. 
Ethanol is an effective liquid fuel. However, its production by 
fennentation has been hampered by: a) the high cost of raw materials; 
b) low production rates; and c) the hig_h energy requfrement for distil-
lation of etha~ol-water mixtures [2, 5, 6]. Sugar crops con~titute a 
major source of raw materia 1 s for ethano 1 production. More efficient 
and inexpensive technology could be developed for the fermentation of 
sugar crops to ethanol. on. the fann site in order to meet part of the 
energy needs of fanners [2, 3}. 
Sugar stalk crops (sweet sorghum and sugar cane) appear to be 
the ioost attractive sourc·es o.f fennentable sugars [7]. Of these crops, 
sweet sorghum has distinct advantages over sugar cane: 
1 . Sweet sorghum can be grown over a wider geo-
graphic region and is cold-tolerant [2]. 
2. Sweet sorgh1.111 requires less fertilizer and 
is easier to plant compared to sugar cane [2]. 
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3. The growth time for sweet sorghum (3-1/2 to 6 
months) is shorter than that for sugar cane 
(5 to 12.months) [SJ. 
4·, The average cost of fennentable sugars from 
sweet sorghum (2.5¢/lb. ). is. less than that o.f 
fennentab 1 e sugars from sugar cane ( 4. 5¢/ 1 b.), 
provided the entire plant biomass is used [2]. 
Sweet sorghum (Sorghum bicolor} is a sweet-ste1t111ed annual grass . 
Like sugar cane, it is an extraordinarily efficient converter of solar 
radiation to total. biomass, due to reliance on the c4 (Hatch-Slack) 
photosynthetic- pathway. Sweet sorghum can thus accumulate from 67 to 
82% sugars in the so 1 ubl a. portion of the pl ant ( 6% to 18% of tot a 1 dry 
weight) [7]. The primary uses of sweet sorghum have been .as a livestock 
feed and as _a molasses-like food syrup for human consumption. Recently, 
interest in the pl~nt has risen because of its potential use as a source 
of refined sugar (sucrbse) and as a raw material for the production of 
energy[9]. 
One pos·sible method for ethanol production from sweet sorghum on 
the fann site is sol id-state fennentation (·SSF) in a rotary-drum fer-
menter. This method involves chopping the sorghum pith into fine par-
ticles and then adding a concentrated yeast i nocul um. Fermentation 
occurs on the surface of the sorghum particles, which can be regarded 
as a single, solid phase. In contrast, submerged-culture fermentations 
depend on a li.quid broth in which the microbe, substrate and desired 
product(s) are dispersed. 
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Solid-state fermentation offers an interesting alternative to con-
ventional submerged-culture processes when. d~aling with fungi (such as 
yeast), which can tolerate low-moisture conditions. In solid-state fer-
mentation, there is no need- for the process water coJT1T10n to submerg~d-
cul ture broths; and, thus, smaller~volume fermenters may be used. Fur-
ther, for many fermentations, yi e 1 ds ( g. product/ g. _medium) ·in SSF pro-
cesses are much higher than those in submerged-culture processes [10-
12]. Isolation of liquid products from the substrate is relatively 
simple, and the remaining solids can be used as an animal-feed ingre-
dient to reduce the amount of waste material. Finally, the fermenta-
tion equipm~nt for SSF (for example, a rotary drum) is: much simpler and 
less expensive than typical submerged-culture fennenters. 
B. Objectives 
This thesis represents a preliminary investigation of the solid-
state fennentation of sweet sorghum to ethanol. The s..ubstrate employed 
was the Ramada cul ti var of sweet sorghum, as supplied by Dr. Stephen 
Kresovich*of Texas A & M University. 
First, and most importantly, this investigation determines ·if 
sweet sorghum can be effectively fermented to ethanol by the yeast, h 
cerevisiae. Second, this study determines what supplementary nutrients 
{if any) must be added to the sorghum .substrate. Third, operating con-
ditions are selected to bri'ng about high rates and yields of ethanol 
formation; the variables considered are: moisture level, temperature, 
*Ad~ress proVided in Appendix B 
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and inoculum concentration. Fourth, a rotary-drum fennenter is evalu-
ated as a means of mixing the fennentation medium. Fifth, several 
strategies are investigated for maintaining anaerobic conditions. 
throughout the ·fennentation. And last, an effort is made to monitor 
the accumulation of yeast biomass to permit analysis of the fennenta-
tion kinetics. 
I I . MATERIALS AND METHODS 
A. Preparation of Sweet Sorghum 
Sweet sorghum was delivered ·as cane section.s, 40 to 45 cm. long . 
Before use in fennentation trials, the sorghum had to be chopped into 
fine particles. In some cases, the particles were pressed to release a 
sugar-rich juice. For most trials, however, the freshly-chopped parti-
cles were dehydrated in an oven·and fennented without any pre-squeezing. 
Frozen cane sections were prepared for chopping by 'removal of 
their green rind with a knife. This left a juicy, yellow-green core 
that was halved from end to end for disease inspection. Diseased are·as 
were excised with .a knife, and the remaining portion was cut into fi~e-
cm.-long pieces. These short pieces were loaded into a food processor 
(Moulinex "La Machine") and chopped at a speed setting of 11 6~1/2 11 untll 
no large (>1 cm.) chunks remained. The size of the resulting particles 
ranged from about 0.2 nm. to about 7 nm. 
The tenn "raw sorghum" shall b·e used in reference to this freshly-
chopped sorghum. Likewise, "dehydrated sorghum" shall designate the· 
sorghum's condition following the drying step, but before inoculatio.n. 
-5-
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After inoculation, the mixture of sorghum, yeast cells, and nutrient 
solution (if any) shall be called 11mash. 11 The tenns "chopped sorghtJTI 11 
and "sorghum particles" shall be used in general reference· to sorghum 
at any of these three stages of preparation. 
When sorghum juice was needed for fennentation trials, raw·sor-
ghum was· 1oaded into 30-ml. plastic syringes (Becton, Dickinson, and 
Co.) and squeezed. Using this technique, a Gloudy juic~ was obtained; 
with manual squeezing, five ml. of juice could be expressed from ten 
grams of raw sorghum. The so·lids left in the syringe were either dis-
carded or pulverized and retained, depending on the specific tri.al 
under way. 
When dehydrated sorghum ·was needed for fennentation tria 1 s, raw 
sorghum was spread out in trays made of a 1 umi num foi 1. These tray's, 
each holding about 125 grams of raw sorghum, were placed in a drying 
oven at 70 to 80° C. Periodically, the sorghlJll particles were stirred 
to ensure even dehydration. An oven temperature of 70 to 80° C. was 
selected to dehydrate the sorghum as quickly as possible while avoiding 
two drawbacks: a) ·destruction of lab fl e vitamins· and other nutrients; 
and b) ca~amelization of sugars. In Appendix A, a sample calculation 
is presented for the amount of dehydration needed to ensure the .desired 
moisture level in the mash. 
B. Preparation of Yeast Inocul um 
The yeast Saccharomyces cerevisiae (NRRL Y-11572) was cultured in 
YM broth for two days to build up a large population of cells. -When 
-6-
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all else was ready, the broth culture was centrifuged to concentrate 
the cells. This concentration allowed addition of a potent inoculum 
without simultaneous addition of a g'reat amount of moisture. 
Yeast cultures were started by streaking YM-agar plates with a 
suspension of _h cerevisiae. These plates were incubat~d at 30° C. 
for approximately two days, then ·stored in a refrigerator (,vl0° C.) 
until needed~ When a fennentation trial was to begin, .YM broth was pre-
pared and sterilized in shakeflasks; usually, each flask held 100 to 
150 ml. of YM. broth. Then, the YM broth was inoculated by transferr-
ing one yeast colony Jrom a plate into each shakeflask. Inmediately 
after this inoculati.on, the flasks were placed in a shaker at the in-
tended fermen~ation temperature. 
After 45 to 50 hours' incubation time, a cell count for the broth 
culture was done using ·a Petroff-Hausser counting c~amb~r. Next, the 
culture was centrifuged in two steps. First, t}Je whole volume of broth 
was poured into pre-sterilized centrifuge bottles and spun down for ten 
minutes at 10,000 r.p.m. Fol1o~ing this first centrifugation, the 
supernatant was poured off and the yeast pellets were re-suspended in 
a sterile 0.3M (isotonic) solution of sodium chloride. Then, this sus-
pension was poured_ into pre-sterilized centrifuge tubes (with caps) for 
the second centrifugation, which was done in an IEC Clinical Centrifuge 
at a speed setting of 114. 11 Depending on the total amount of inoculum 
needed, a third centrifugation step was sometimes required to consoli-
date the yeast cells into two centrifuge tubes. The final cell suspen-
sion (the inoculum) was prepared by sus_pending the last two yeast 
-7-
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pellets and combining the contents of the two tubes. Then, the inocu-
' 1 um was di 1 uted as required, but with a fi na 1 vo 1 ume always be 1 ow 50 
ml. 
Inoculation of the trial flasks was accomplished by drawing some 
of the cell suspension into a st~rile pipette and discharging this 
liquid onto the chopped sorghum. The amount of inoculum added was 
5 ml. per 100 grams raw sorghum. Immediately after inoculation, the 
contents of the shakeflask were mixed thoroughly with a flame-sterilized, 
stainless steel spatula., Then, the flasks were. placed in an incubator 
at the desired fermentation temperature. Inoculation of the rotary-
drum fermen.ter is described in Section II. K. 
C. Sampling from Solid-State Fermentations 
During the course of a fermentation, samples were removed per-
iodi ca 1ly to mon·itor concentrations qf sugars and ethanol; in some 
trials, mash samples were taken to monitor accumulation of yeast bio-
mass, too. The solid nature of the mash required special t.echniques to 
prepare samples for the desired assays. Basi'cal1y, two types of sam-
ples were required: a) unadulterated mash; and b) juice, pressed from 
a quantity of mash at time of sampling. 
Juicing was done by pressing'six to seven grams of mash in a 30-
ml. plastic syringe. Juice samples were collected in small, glass 
vials and.frozen until the analyses could be performed. Solids left in 
the syringe were either discarded or pulverized and frozen, depending 
on the specific trial under way. Because of the large number of juice 
-8-
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samples required, a special apparatus was made to squeeze syringes. 
It consisted of a four-inch iron clamp with a- jig substituted· in place 
of the fixed. pad; this jig was made from a short section of pipe, as 
shown in Figure 1. 
Frozen-juice samples were defrosted in· an upright .orientation. 
This step allowed ioost of the yeas~ cells and plant materia·1 to settle 
at the bottoms of the vials. The liquid fraction was carefully removed 
with a Pasteur pipette and centrifuged for five minutes at 10,000 r.p.m. 
The resulting supernatant was ·drawn off with a Pasteur pipette. The 
final clarification step was a filtration through a Swinnex filtration 
cartridge that contained a Whatman GF/A glass-fiber filter disk (re-
tains pa-rticles with diameters greater than or equal to l.6 ~m.). 
Pressed solids remaining from· the juicing operation were processed 
to recover residual ethanol, as outlined below: 
1. Pulver"ize sorghum solids with a metal spatula. 
2 .. Place all sorghum solids into a 40-ml. test 
tube with 20 ml. deionized water. Cover tube 
with Parafilm. 
3. Allow mixture to stand at room temperature for 
40 to 45 minutes. Agitate tube on a Vortex-
Genie every five mi nut es. 
4. Pour entire. contents of the tube into a 30-ml. 
plastic syringe and press to dryness. Some 
additional deionized water may be used to 
transfer sorghum particles from the test tube 
-9-
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FIGURE 1: APPARATUS FOR SQUEEZING JUICE FROM 
CHOPPED SORGHUM 
~ ~ 
~ ~ ~ ~ ~ ~ ~ ~ _,
syringe> 
detail of jig 
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into the syringe, before pressing. Collect 
liquid in a 40-ml. plastic centrifuge tube; 
discard solids left in syringe. 
5. Centrifuge liquid for five to ten minutes at 
10,000 r.p.m. 
6. Decant supernatant into a 30-ml. syringe with 
a Swinnex filtration cartridge (cqntaining a 
Whatman GF/A glass-fiber filter disk) attached. 
Filter liquid. and collect filtrate in a 50-ml. 
volumetric flask; bring to volume with deion-
ized water. 
Sugars were extracted from the samples of unadulterated mash ac-
cording to the fo 11 ~wing procedure: 
l. Place a known amount (about 2.0 grams) of mash 
sample in a 40-ml. test tube with 20 ml. of de._ 
ionized water. Record amount of mash used. 
2. Heat test tube in an 80° C. water bath for 40 
to 45 minutes. Agitate tube on a Vortex-Genie 
every five mi nut es. 
3. After a short cooling period, pour entire con-
tents of the tube into a 30-ml. plastic syringe 
and press to dryness. Some additional deionized 
water may be used to transfer ·sorghum particles 
from test tube into the syringe, before pressing. 
Collect liquid in a 40-ml. plastic centrifuge 
-11-
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tube; discard solids left in syringe. 
4. Centrifuge liquid for five to ten minutes at 
10,000 r.p.m. 
5. Decant supernatant into a 30--ml. syringe with 
a Swinnex filtration c~rtridge (containing a 
Whatman GF / A glass-fiber filter disk) attached. 
Filter liquid and collect filtrate in a 50-ml. 
volumetric fl ask; bring to volume with deion-
ized water. 
D. DNS Assay for Total Reducing Sugars 
Extracts from the mash samples were assayed for total reducing 
sugars via reduction of 3,5-dinitrosa·licylic acid (ONS), which can be 
measured photometrically Tl 3]. Because the major sugar present in 
sweet sorghwn, sucrose, is not a reducing sugar, the extrac~s were 
treated with invertase to- hydrolyze sucrose into the ·reducing sugars 
glucose and fructose. Then, the resulting samples were reacted with 
the DNS reagent to allow quantification of their concentrations of 
reducing sugars. To perform this quantification, optical density was 
measured using a UV-visible spectrophotometer (Bausch & Loni> Spectronic 
710 with System 400 Autosampler). 
Enzymatic hydrolysis of the sugar-containing extracts was performed 
according to ·the following procedure: 
1. Prepare 0.2N acetate buffer by combining 100 
ml. of iN acetic acid with 100 ml. of lN 
sodium hydroxide and diluting to one 1 iter . 
.. 12-
! 
,,·. 
,,<., 
The buffer's pH should be between 4.5 and 
5.0. 
2. Dissolv~ five mg. of inv~ttase (205 Units/ 
mg.) in 100 ml. of the buffer solution at 
room temp.erature. 
3. Prepare sucrose standards at concentrations 
of a.a, 0.2,.0.4, o.6, 0.8, 1.0, 1.2., 1.4, 
1.6, 1.8, and 2.0 mg./ml. 
4. Combine enzyme solution with extracts and 
standards in a 1:1 ratio; use 0.25 ml. of 
enzyme solution and 0.25 ml .. of extract or 
sucrose standard. 
5. React above mixtures at 55° C. (hot water 
bath) for 1/2 hour, maximum. 
6. Cover tubes· with aluminum foil and allow to 
cool. After cooling, samples are ready to 
use in the DNS as.say. 
Next, samples from the hydrolysis treatment were assayed for total 
reducing sugars by the following method: 
1. Add 1-1/2 ml. of DNS reagent to each assay tube, 
containing the 1/2 ml. of hydrolysis product. 
2. React above·mixtures by heating in a boiling 
water bath for 15 minutes. Tubes can remain 
uncovered. 
3. Dfl ute samples by adding eight ml. of 
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deionized water to each assay tube. In-
vert tubes five times to ensure complete 
homogeneity of color . 
4. Read optica'l density at 550 nm . 
E. G.C. Assay for Ethanol 
Clarified Juice samples and extract~ from the pressed solids were 
assayed for ethanol content via gas chromatography (G.C.). An internal 
standard was added to each ethanol-ccmtaining sample. To eliminate the 
effects of possible variations in injection volume, the ratio of the 
peak area for ethano·1 ·to the peak area for the internal standard was 
used as the measure of ethanol content. 
The column used for the assay was 0.2% Carbowax 150Q on 80/100 
mesh Carbopack C. Thfs colt.ann, made by Supelco, measured six feet 
long by 1/8 inch o.d. One of two machines was employed: the first was 
a Beckman Mode·l GC-55 gas chromatograph with a standard chart recorder; 
the second was a Hewlett-Packard Mode 1 5830A gas chromatograph with _a 
G.C. Terminal Model 18850A, featuring peak integration. In both 
machines, a flame ionization detector indicated the presence of flam-
mable components (for instance, ethanol) in the samples. 
dure: 
Gas chromatography was performed according to the fol 1 owing proce-
1. Prepare ethan·o1 so 1 utions of 2, 4, 6, 8, 
10, and 12% (by volume). 
2. Prepare a stock sol ut.ion of 10% (by vo·l-
ume) n-propanol. This will serve·as the 
-14-
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internal standard. 
3. Combine 5 ml. of each ethanol solution 
with 5 ml. of the n-propanol solutio.n; 
the res.ulting mixtures will serve as ethanol 
calibration standards. 
4. Add 1/2 ml. of the n;..propanol solution to 
1/2 ml. of each juice sample or extract; 
store mixtures in covered vi~ls; 
5. Shake mixtures viorous ly, then inject into 
a gas chromatograph. 
F. Variation of Moisture Level 
An experiment was organized to investigate the influence of mash 
moisture 1 evel on the rat~ and extent of ethano 1 fonnation. Early 
trials to compare different moisture levels employed procedures differ-
ent from that described in Section II. A. These trials were done in 
two phases; in each phase, th~ sorghum juice was squeezed out and 
treated (as needed), then recombined with the sorghum solids. Later, 
additional trials were conducted with mash prepared from ordinary dehy-
drated sorghum. 
For the first phase, varying amounts of a nutrient salts solution 
were added to the sorghum juice. Five different moisture levels were 
produced according to the following method: 
1. Weigh out 50 grams of raw sorghum. 
2. Squeeze sorghum juice into a beaker. 
..:1 s-
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3. Prepare nutrient salts solutions of the fol-
lowing volumes, each containing five ml. of 
I 
5.8 X stock solution*: 5, 20, 25, 35, and 
50 ml. 
4. Mix sorghum juice with one of the nutrient 
salts solutions gnd combine this mixture with 
the correspondin.g sorghum solids in a shake-
flask. 
5. Autoclave shakeflask for 15 minutes at l21° C./ 
15 psig. 
6. After the shakeflask cools, add five ml. of 
yeast inoculum. Mix shakef°lask contents thor-
oughly. 
7. Incubate shakeflask at 25° C. 
For the s.econd phase, the sorghum juice was dehydrated to varying 
degrees. Six different moisture levels were produced according· to the 
following method: 
1. Weigh out 100 grams of raw sorghum. 
2. Squeeze sorghum juice into a beaker. 
3. Evaporate one of the following aroounts of mois-
ture from the Juice by heating the. beaker in a 
boiling water bath: 0, 10, 15, 20, 25, or 30 
grams. 
4. Add 5 ml. of 22X stock solution* 'to each 
*Nutrient solution$ will be discussed in Section II. G. 
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beaker; mix together, then combine mixture 
with the correspondi.ng sorgh~ sol ids ·in a 
shakeflask . 
5. Auto~lave shakeflask for 15 minutes at 
121° C./l5 psig. 
6. After the shakeflask cools, add five ml. of 
yeast inocu·lum (containi.ng 1.149 X ,o9 cells/ 
ml.). Mix shakeflask contents thoroughly. 
7. Incubate shakeflask at 25° C. 
The last set of trials, employing the dehjdration procedure Of 
Section II. A., compared two mash rooisture levels: 55% and 67% (by 
weight). No nutrients were added to the chopped sorghum. After the 
drying step, the sorghum was autoclaved in shakeflasks for 15 minutes 
at 121 ° C./15 psig. Each trial flask was then inoculated with five 
ml. of a yeast cell suspension containing 2.343 X 109 cells/ml . 
G. Use of Nutrient Media 
Nutrients were routinely added to ~ach trial fla~k during the 
moisture-variation experiment, with the exception of the two tria-ls 
that used dehydrated sorghum. The defined media used for this pur-
pose contai.ned mineral salts and vitamins. However, the possibility 
that sorghtJD alone can supply many of the required· nutrients prompted 
an experiment to assess the need for added nutrients. 
The complete recipe for the nutrient medium [14] used in early 
.-17-
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shakeflask trials is provided in Appendix C. This recipe includes a 
variety of inorganic nutrients and a gro·up of v-itamins: biotin, panto-
thenate, inositol, thiamin, pyridoxine, p-aminobenzoic acid, and nico-
tinic acid. Because sufficient amounts of sugars were provided by the 
chopped sorghllTI or its juice, the glucose 1 isted. in the recipe was 
omitted when supplementary nutrient solutions were prepared. 
For the first phase of moisture-variation trials, all medium com-
ponents were used. An effort was made to keep the ratio of carb9n to 
nitrogen equal to the ratio specified in the recipe for the complete 
nutrient medium. Based on a determination of carbon content (as reduc-
ing sugars) in the sorghum juice, a nutrient solution strength of 5,8. 
times normal strength was used. 
For the second phase of moisture~variation trials, the group of 
vitamins and calcium chloride were omitted from the added nutrient solu-
tion. Also, the determination of carbon content was expanded to in-
clude sugars remaining in the sorghum solids after juicing. As a re-
sult, a simpler--yet stronger--nutrient solution (22 times ndnnal 
strength) was used to establish the ratio of carbon to nitrogen at the 
level specified in the recipe for the complete nutrient medium. 
Three ·new nutrient-media (Medium #1, Medium #2, and Medium #3) 
were formulated for an experiment to assess the need for added nutri-
ents. They differed from the complete medium by omission of all vita-
mins and, for:Medium #1 and Medium #2, of some. inorganic components. 
Precise compositions of these three media are provided in Appendix C. 
Trials based on sorghum juice, supplemented with these nutrient 
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solutions, were run to compare the relative perfonnance of the three 
formulations. A control was run simultaneously to demonstrate the per-
formance of pure sorghum juice as ~ nutrient medium; to match the 
sugars concentratfon of this trial with that of others, the sorghum 
juice was diluted with '0.3M sodium chloride. 
Shakeflasks for this experiment were prepared according to the 
fo 11 owing procedure: 
1. Wei_gh out 50 grams of raw sorghum. 
2. S.queeze sorghlJTI juice into a shake.flask; 
juice volume should be about 25 ml . 
3. Add fi-ve ml. of .appropriate. nutri.ent solu-
tion. 
4. Add 0.15 nil. of 2M potass-ium hydroxide to set 
the pH at about 5.5; mix.shakeflask contents 
thoroughly. 
5. Autoclave shakeflask for 15 mfo. at 121° C./ 
15 psi g. 
6. After the. shakeflask cools, add five ml. of in-
ocul um (contai n·i ng: l.114 X ,o9 cells/ml.). Mix 
shakeflask contents. thoroughly .. 
7. Incubat~ shakeflask at 28° C. 
H. Selectionof a Suitable Reducing Agent 
At low sugars concentrations, yeast are capable of degrading etha-
nol via aerob.ic catabolisni. To prevent this degradation, use of 
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reducing agents was studied to provide an anaerobic environment. 
Four reagents were evaluated as possible reducing a·gent~. As a refer-
ence, one trial was run in which the vapor space was purged with nitro-
gen· after each sampling period. 
The four reducing agents chosen for this experiment were: 
l. sodium sulfide, Na 2s · 9H2o 
2. sodium dithionite, Na2S204 
(al so known as 11 hydrosul fite 11 ) 
3. sodium thioglytollate, C2H3Na02S 
(also known as 11 thioglycollic acid") 
4. tysteine hydrochloride, C3H.7N02S · HCl 
Based on recorrmendations obtained from Methods in Microbiology 
[15], the concentration of 0.05% (by weight) was chosen for addition of 
the reducing agents; this transl ates to O .05 gram of reducing agent per 
100 grams ~f raw sorghum. Most shakeflasks were prepared according to 
the following procedure: 
1. Weigh out 100 grams of raw sorghum; dehydrate 
to provide a moisture level _of 66.7% in the 
ma sh. 
2. Place one of the reducing agents irr an 8-ml. 
vial; cap vial until time of incoculation. 
3. Place 70 .0 grams of de~ydrated sorghum in 
each tr"ial flask. Autoclave for 15· minutes at 
121° C./15 psig. 
4. Add 5 ml. of yeast inoculum (containfng 2.343 X 
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109 cells/ml.} to the vial. Shake vial by 
hand for about ten seconds to dissolve re-
ducing agent. 
5. Pour inoculum from vial onto sterilized sor~ 
ghum. Mix shakeflask contents thoroughly. 
6. Incubate shakefl ask at 29° c. 
The trial flask involving a nitrogen purge was prepared as above, 
with the exception of a reducing agent and the associated vial. After 
inoculation, the shakeflask was incorporated into the apparatus dia-
grarrmed in Figure 2. Nitrogen was purged through the vapor space for 
ten minutes at roughly 1.75 liter/minute at the start of the run, and 
after each sample period. 
Finally a control run was conducted in which no ~f.fort was made to 
eliminate oxygen. 
I. Variation of Fermentation Temperature 
To explore the effects of fermentation temperature on the rate and 
yield of ethanol production, several. trials were run, each at a differ-
ent temperature. Sodium sulfide was used as a reducing agent, based on 
results of the previous experiment. Shakeflasks were prepared according 
to the following procedure: 
1. Weigh out 100 grams of raw sorghum; dehy-
drate to provide a moisture level of 70% in 
the mash. 
2. Place 50 mg. of sodium sulfide in an 8-ml. 
-21-
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FIGURE 2: APPARATUS FOR GAS PURG.ING OF SHAKEFLASK 
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vial; cap vial until time of inoculation. 
3. Place 78.3 grams of dehydrated sorghum in 
each trial flask; autoclave for 15 m.inutes 
at 121° C./15 psig. 
4. Add five ml. of yeast inoculum (containing 
2.789 X 109 cells/ml.) to the vial. Shake 
vial ~Y hand for about ten seconds to dis~ 
solve reducing agent. 
5. Pour inoculum from via·l onto sterilized sor-
ghurn. Mix shakeflask contents thoroughly .. 
6. Incubate shakeflask at one of the followin~ 
temperatures: 20, 25, 30, 35, or 40° C. 
One extra trial was run at 30° C. using unsterilized sorghum. 
This trial was intended to show. the effects of sterilization on the sor-
ghum substrate. 
J. Variation of Inoculum Concentration 
To explore the effects of inoculum concentration on the rate and 
yield of ethanol production, several trials were run, each with a dif-
ferent inoculum strength. A large batch of~ cerevis·iae eel.ls was cul-
tured in YM broth for two days, then-diluted or concentrated (as.needed) 
to form inocula of 106, 107, 108, and 7 X 108 cells per gram of raw 
sorghum. Shakeflasks were pr_epared according to the following procedure: 
l. Weigh out 100 grams of raw sorghum; dehydrate 
-23-
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to provide a moisture level of 70.0% in the 
mash. 
2. Place 50 mg~ of sodium sulfide in an 8-ml. 
vial; cap vial until tim~ of inoc~lation. 
3. Place 78.3 grams of dehydrated sorghum in 
each trial flask; autoclave for 15 minutes 
at 121° C./15 psig. 
4. Add 5 ml. of the.appropriate yeast i nocul um 
to the vial. Shake vfa 1 by hand -for about 
ten seconds to dissolve reducing agent. 
5. Pour inoculum from vial onto sterilized sor-
ghum. Mi~ shakeflask contents thoroughly. 
6. Incubate shakeflask at 35° C. 
K. Operation of Rotary-Drum Fermenter 
Large-scale equipment fo·r conducting solid-state fermentations 
probably would mix the sorghum mash continuously. To study such a set-
up, a series of experiments was carried .out in a rota.ry-drum fermenter 
(RDF}, diagra11111ed in Figure 3. The primary variable in these experi-
ments was rotation rate of the drum. Each RDF run was executed in 
parallel with a shakeflask run (no agitation) to offset variability in 
inocula by providing a reference. 
Inoculation was accomplished by a method similar to that adopted 
for selection of a suitab1e redudng agent. The yeast-ce·ll suspension 
was mixed with the reducing ag_ent in a vial, th·en poured into the 
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fermenter's port. To prevent the sorghum particles from balling up 
at the site of inoculation (due to high moisture), the inoculum was 
added in two portions and the drum was shaken after each one.. Samples 
for composition analyses were withdrawn via the same port during the 
fennentation run. 
The RDF was operated in a temperature-controlled box, in which a 
stream of heated air passed over the drum's surface. This air stream 
returned, through a length of dryer hose, to a squirrel-cage fan at the 
end of the box. A thennistor, placed at the entrance to the recycle 
leg, sensed air·temperature in the box and signalled the control unit 
(YSI Model 71 Thennistemp Temperature Centro 11 er) to switch the· heating 
circut on or off. Wheri the he~ting circuit was on, .electrical current 
passed through a Variac, where the voltage was reduced from 115 Volts to 
65 Volts; this was done to minimi-ze the temperature swings caused by an 
On/Off controller. Following voltage reduction, the current energized 
a heating stick that was suspended in front of the squirrel-cage fan. 
An electric motor and chain drive provided the means of turning 
the drum. In between the motor and chain, there was a continuously-
variable transmission to control rotation rate. This transmission ·was 
set manually and then the rate of rotation was checked with a stopwatch. 
Rotation speeds used in the RDF experiments were: 1, 5. 10, 20., and 40 
r.p.m. 
The rotary-drum fenn~nter was prepared according to the following 
procedure: 
-26-
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1. Weigh out 500 grams of raw sorghum; dehy-
drate to provide a moisture level of 65.0% 
in the mash. 
2. Place 300 mg. of sodi.um sulfide in a 35-ml. 
vial; cap vial until time of inoculation. 
3. Autoclave rotary-drum fennenter for 15 min-
utes at 121° C./15 psig. 
4. After the fennenter cools, place 300 gr·ams 
of dehydrated sorghum .inside it. 
5. Add 25 ml. of yeast inoculum (containing 
4 X 109 cells/ml.) to the vial. Shake vial 
by hand for about ten seconds to dissolve 
reducing agent. 
6. Pour half of the inoculum from the vial onto 
9ehydrated sorghum; shake fennenter vigorously 
to distribute i nocul um. 
7. Add se~ond half of th.e inocµlum, as in Step 
#6. 
8. Install fermenter in hot box at 35° C. and set 
desired rotation rate. 
The accompanyi,:ig shakeflas k tria 1 was started as follows: 
1. Weigh out 140 grams of raw sorghum; dehy-
drate to provide a moisture level of 65.0% 
i.n the mash. 
2. Place 84 mg. of sodium sulfide in an 8-ml. 
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vial; cap vial until time of inoculation. 
3. Autoclave shakeflask for 15 minutes at 
121° C./15 psig . 
4. After the flask cools, place 84 grams of de-
hydrated sorghum inside it. 
5. Add· 7 ml. of yeast inoctil um (containing 
4 X 109 cells/ml.) to the vial. Shake vial 
by hand for about ten s.econds to di sso 1 ve the 
reducing agent. 
6. Pour inoculum from vial onto dehydrated sor-
ghum. Mix sha kefl ask contents thoroughly. 
7. Incubate shakeflask at 35° C. 
L. Quantification of Yeast Biomass 
In an effort to monitor the acc~mul at ion of yeast biomass, a spe-
cial experiment was organize~ in which yeast cells were separated.from 
the sorghum particles. Samples o.f unadulterated mash were taken during 
shakeflask trials .. These mash samples we.re washed, and the wash 1 iquid 
was collected for direct count of yeast cells. Certain desorbing agents 
were dissolved in the wa~h water to aid the removal of yeast cells from 
the sorghum particles; specifically, these agents were 10-4M .ethylene 
di amine tetraaceti c acid ( EDTA) and .6N urea. 
Shakeflasks for this experiment were prepared according to the fol-
lowing procedure: 
-28-
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l. Weigh out 100 grams of raw sorghum; dehy-
drate to provide a moi~ture level of 65% 
in the mash . 
2. Place 50 mg. of sodium sulfide in an 8-ml. 
vial; cap vial until time of inoculation. 
3. Autoclave shakeflask for 15 minutes at 
121 ° C. /15 psi g. 
4. After the shakeflas k cools, place 78.3 
grams of dehydrated sorghum inside it. 
5. Add five ml . of yeast i nocu 1 um ( conta i Iii ng 
1.5 X 109 cells/ml.) to the vial. Shake 
vi.al by hand for about ten seconds to dis-
solve the reducing agent. 
6. Pour inocul um from vi al onto dehydrated sor-
ghum. Mix shakeflask contents thoroughly. 
7. Incubate shakeflask at 35° C. 
At each sam·pling period, the foll.owing procedure was used to assay 
the mash for yeast biomass: 
1. Place mash sample (about l.5 gram) tn a 
25-ml. test tube; determine exact sample 
weight by difference. 
2. Add 10 ml. of wash solution to ·test tub·e. 
3. Agitate t~be on Vortex~Genie for one minute 
to loosen yeast c~lls .. 
-29-
- _ ....... --... 
. . 
. · 
. 
. 
.. 
. 
t~I 
f-
•• 
.. 
,. 
r 
l; 
( 
" 
. l 
'1~ 
. 
. ·. 
,, . 
. ·.· 
•.•. 
.. 
..... 
4. Pour agitated suspension through a wire 
screen 'filter . 
5. Wash filter cake with additional wash solu-
tion, then draw vacuum below screen to re-
6. 
7. 
8. 
move fre.e liquid; collect liquid in a 
vacuum beaker. 
Backwash· filter cake from screen into test 
tube. 
Repeat Steps #2 through #5. 
Pour beaker containi.ng wash liqu·id into a 
100-ml. volumetric flask and bring to v.ol-
ume with deionized water. 
9. Determine cell concentration in wash 1 iquid 
by direct count, using a Petroff-Hausser 
c~unting chamber. 
III. RESULTS AND DISCUSSION 
A. Sol id-State Fermentation vs. Submerged Culture 
During the inftfal stages of this research, comparisons were made 
between a solid-state medium and sorghum juice without solids. The 
sol id-state medium was prepared by pre-squeezing raw sorghum before 
adding the i nocul um and supplementary nutrients; the expressed juice 
was then recombined with the sorghum solids. The purpos·e of these 
trials was to establish whether or not a solid-state medium offers a 
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practical alternative to an ordinary liquid broth for fennentation of 
the sugars in sweet sorghum . 
In the first round of comparisons, each of the two substrates be-
gan as 50 grams of raw sorghum, which yielded about 25 ml . of juice 
when squeezed. A nutrient so 1 ution of 5 .8-time_s-norma 1 strength was 
used. Figure 4 presents the profiles of ethanol concentration during 
the trials. The SSF tria 1 shows a greater log-phase rate and a greater 
maximum concentration of ethantil than does the juice-based trial. 
In the second round of comparisons, each of the two substrates 
began as 100 grams of raw sorghum, which yielded about 50 ml. of 
juice when squeezed. A nutrient solution of 22-times-nonnal strength 
was used. Through heating~ about 20 grams of moisture was evaporated 
from the juice for each trial. The profiles o.f ethanol concentration 
are provided in Fi~ure 5. An excess of ethanol accumulation is clear-
ly evident for the trial_ using juice alone. 
In the third round of comparisons, each of the two substrates 
began as 50 grams of raw sor·ghum, which yielded about 30 ml. of Juice 
when sque~zed with the syringe-pressing 'app~ratus. A nutrient solu-
tion of 7-tim~s-normal strength.was used. Figure 6 shows the pro-
files of ethanol c;:oncentration. Due to the scatter in this data, it 
is not cl~ar which substrate, if any, .gave better results. 
The above comparisons indicate that use of a solid-state medium 
gives results similar to those obtained with a broth of sorghum jui.ce. 
Moreover, inc 1 us ion of entire sorghum particles enab 1 es the yeast to 
consume a greater fraction of the tota 1 sugar content in the sorghum 
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FIGURE 4·: SOLID SUBSTRATE COMPARED WITH SORGHUM JUICE 
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pith. Much of the sorghum's sugars consumed in solid-state fermenta-
tion are not released into the juice by simple squeezing. 
The one case in which the juice-based trial out-performed the SSF. 
tria 1 ( second round of comparisons) probably was adversely affected by 
the low moisture level. The highly-concentrated nutrient solution 
used during those trials (22-times-n"ormal strength) may be inhibitory 
under the conditions of low water activity· present in SSF. In co·n-
trast, the trials at the higher moisture level, and with more-dilute 
nutrient media, made a better case for includi-ng sorghum solids. 
B. Influence of Stibstrate-Preparation Technique 
As noted in Section II. A., there were two different approaches 
to the preparation of solid-state media: a) raw sorghum was pre~ 
squeezed; and b) chopped sorghum was used without .being pre-squeezed. 
T'I«> rounds of trials were carried out to compare these preparation 
techniques. Concurrent with the temperature-variation experiment, a 
tltird round of trials was conducted to compare unsterilized sorghum 
with the sterilized sorghum normally used. 
In the first round of comparisons, each substrate began as 50 
grams of raw sorghum, which yielded about 25 ml. of juice when squeezed. 
A nutrient solution of 5 .. 8-times-nonnal strength was used. The pro-
files of ethanol concentration are depicted in Figure 7. Both the 
rates of ethanol accumulation and the maximum concentrations of etha-
nol are similar for the ·two trials. 
In the second round of comparisons, each substrate began as 50 
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grams of raw sorghum, which yielded about 30 ml. o juice when squeezed 
with the syringe-pressing apparatus. A nutrient solution of 7-times-
normal strength was used. Figure 8 ·Shows the profiles of ethanol 
concentration throughout the fennentations. As before, both the rates 
of ethanol accumulation and the maximum concentrations of ethanol ~re 
similar for the two trials. These results indi.cate that pre-squeezing 
is not necessary for the sorghum I s sugars to be accessed by the yeast. 
Therefore, the unsqueezed sorghum substrate was selected, for reason 
of convenience, as the preferred substrate for l~ter experiments. 
The third round of trials, comparing sterilized and unsterilized 
media, was based on dehydrated sorghum. No supplementary nutrients 
were added. Figure 9 presents the profiles of ethanol concentr~tion. 
It appears the trial involving unsteri.lized chopped sorghum perfonned 
as well as the trial involving sterilized sorghum. This result sug-
gests that dehydrated sorgh~ need not be sterilized for use as a 
medium for solid-state fennentation by yeast. The record of sugars. 
consumption for the trial involving sterilized sorghum is also in-
cluded in Figure 9. Evidently, there is sirriultanepus catabolism of 
both sugars and ethano 1 toward the end of the fennentati on. 
C. Influence of Moisture Level 
The moisture-variation experim!!nt revealed that rate of ethanol 
accumulation and maximum ethano 1 con~entration are strongly influenced 
by the mash moisture level. The experiment involved a chopped sorghum 
substrate at defined iooisture levels.. These levels will be discussed 
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as the percentage of moisture (by weight) in the mash, just follow-
ing inoculation~ The ·fraction of non-volatile. sol ids present in raw 
sorghum was estimated to be roughly 25% (refer to procedure in Ap-
pendix A). This value was used throughout the entire experimental 
program, wheti calculating mash moisture level, until the rotary;..drum 
apparatus was used. For the roatry-drum experiments, new estimates 
of non-volatile solids content were made, as described in Section 
II. H. 
Figures 10 and l1 present the results o"f the iooisture-variatio·n 
trials from Phase I and Phase II of the experiment. The lower the.roois-
tur.e level of the mash, the higher the concentration of ethanol in the 
juice pressed from the mash; thi"s trend i"s shown more clearly by Fi-
gure 12. The log-pha.se·rate of ethanol accumulation also rose with 
decreasing moisture level of th~ ma~h, as depicted in Figure 13. 
Figure.14 ·shows how the yield factor for ethanol formation de-
creased with decreasi.ng moisture level of the mash. This trend prob-
ably results from an increasing 1 y high maintenance req_ui rement for the 
yeast ce 11 s at low iooi sture levels, s i nee the osmotic gradient across 
the cell walls is quite high. 
The final rou.nd of moisture-level comparisons involved mash mois-
ture levels of 67% and 55%. Th.e profiles of ethanol concentration a·re 
depicted in Figure 15. There does not seem to be any advantage to 
lowering the mash roisture· level below about 67% (by w_eight). Th~ 
slight difference in maximum ethanol concentrations for the two trials 
is within the limits of experimental and analytical error . .Further, 
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the drier trial exhibited a slower initial rate of ethanol accumula-
tion, probably due to the high osmotic gradient across the yeast cell 
wall at such arid conditions. 
From the above trials, a mash moisture level of 65% to 70% was 
selected as the most favorab 1 e range for ethanol production. This 
choice was made on the basis of the high log-phase rate of ethanol ac-
cumulation and the high maximum ethanol concentration resulting from 
such conditions. 
D. Need for Added Nutrients 
The experiment to assess the need for added nutrients compared 
four different media based on sorghum juice. Although the sorgh lll1 
juice was known to be an ample source of sugars. and vitamins, it was 
not clear at the outset what inorganic substances were required as 
supplements. The goal of this experiment, then, was to shorten the list 
of added nutrients without jeopardizing the performance of the ethanol 
fennentati'on. 
The results of this experiment are presented in Figure 16. The 
trial that involved Medium #3 appears to have done slightly better 
than the other trials. However, with the high d~gree of scatter in the 
data, it is difficult to analyze the plot in depth. For this reason, 
only the s.implest interpretation was proposed: not much benefit is 
gained by adding inorganic nutrients as supplenents to the sorghum sub-
strate. This interpretation is supported by an a_ssay of the minerals 
present in sorghum juice, shown in Table I. Thus, no nutrients were 
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TABLE I: Mineral Constituents of 
Sweet Sorghum Raw Juice [16] 
mineral mi 11 i-equi.va lents 
constituent per 100 g. so 1 ids 
K20 66.94 
Cao 8.33 
MgO· 10 .17 
Na20 1.76 
Fe203 0.61 
Si02 5 .10 
P205 12.18 
aconitic acid 34.63 
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added to the chopped sorghum in later experiments. 
The analytical error, evident in Figure ·16., resulted f~~ use of 
the Beckman GC-S-5. Because of this problem, only ·the Hewlett-Packard 
gas chromatograph was used for the remainder of the experimenta 1 pro-
gram. 
E. Influence of.Reducing Agents 
Each of the different approaches to create.anaerobic conditions 
caused some change in the typical ethanol-concentration profile. Al-
most a 11 ·approaches resulted in a higher rate of ethane 1 accumulation. 
Use of reducing agents had the additional effect of boosting the 
maximum ethane 1 concentration by inhibiting aerobic catabo 1 ism. Fi-
gure 17 depicts the results of usi~g various reducing agents to 
achieve anaerobic conditions, and Figure 18 shows the profiles of the 
control trial and the trial with the nitrogen purge. 
By comparing Figures 17 and 18, one can see the gre&ter levels 
of maximum ethanol concentration ·attained when reducing agents were 
added, relative to the control trial without added reducing agents. 
Whereas sodium sulfide and cysteine hydrochloride produced similar 
ethano 1 profi 1 es, these two reagents a l1 owed a better rate of ethano 1 
accumulation than did sodium thioglycollate. All three of these re-
ducing agents were effective both in fostering and in preserving the 
high leveis of ethanol concentration attained in ~he respe~tive trials~ 
As is evident in Figure 18, the depletion of accumulated ethano-1 was 
quite rapid i.f no action was take~ to eliminate availab 1 e oxygen. 
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In Figure 17, the intense reducing power of sodium dithionite 
is revealed. The plot shows a long period (about 35 hours) of ·inac-
tivity, followed by ·a near-normal rise in ethanol concentration. This 
rise occurred·only after much of the reducing agent had been neutra-
lized by oxygen from the flask I s vapor space. Possibly, the sodium 
dithionite not only suppressed typical cataboi ism of sugars, which· 
forms the ethanol, bu~ killed many of the yeast cells, too. This i.n-
terpretation is suggested by the extended lag phase (from the 35-hour 
point to the 40-hour point) before ethanol concentration really began 
to build up. Given the scale of this experimental program, sodium 
dithionite is too strong a reducing agent. However, production-scale 
processes may be ab 1 e to make use of such a potent reducing a_gent: a 
smaller mass of sol id reductant would be needed to cause the same 
oxygen-scavenging effect attained with the other red~ctant~ tested. 
Use of an inert-gas purge may also be an effective technique for 
creating anaerohic conditions in a fermentation vessel. The initial 
rate of ethanol accumulation for the trial having a nitrogen purge 
after each sample was the highest of any trial in this experiment. Un-
fortunately, the ~lowing gas stripped out so much ethanol that the 
trial reached on.ly .a n:iodest ma_ximum concentration of ethanol. It would 
be prudent to use a lower flow rate of the inert gas; purging proce-
dure (that is, v~lumes of gas purge~) may be another operational vari-
able that could be optimized. Due to satisfactory results with two of 
the reducing agents, though, the use and optimization of a purging pro-
cedure was bypassed in order to keep the fermentation apparatus simple. 
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Sodium sulfide was chosen to provide anaerobiosis in all later ex-
periments; cysteine hydrochJoride. would make an acceptable substitute .. 
F. Influence of Fermentation Temperature 
Temperature is known to affect fermentation· rates, but it may 
also affect the maximum ·ethanol concentration attained and the cor-
responding yield. The temperature-variation experiment was conducted 
to investigate th-is latter possibility and to identify an optimal 
temperature for later experiments. 
Figures 19a and 19b show the experimental results. A definite 
trend of higher fermentation rate with higher fermentation temperature 
is evident. This trend is depicted more clearly in Figure 20. A 
temperature of 35° C. seemed to be the practical upper 1 imit for the 
fermentation, since no further increase in log~phase rate was ob-
served above that temperature. The rate. data follow an Arr.heni'Us-type 
relation for temperature dependence, as depicted in Figure 21. Based 
on the data for log-phase rate, 35° C. was chosen as the operating 
temperature for later experiments. 
DNS assay of juice samples allowed calculation of yield factors 
for each of the temperatures used. ·Results of these cal cul at ions are 
depicted in Figure 22. Although the ethanol and sugars remaining i.n the 
pressed so 1 ids were not considered fo.r these determinations of ethanol 
yield, the m.anbers do allow comparison between the different trials. 
With its high maximum concentration of ethanol (refer to Figure 19~), 
the trial at 25° C. had the greatest ethanol yield of all trials 
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FIGURE 22: EFFECT OF FERMENTATION TEMPERATURE 
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conducted. The relatively low ethanol· yields at temperatures above 
30° C. probably result from a. high maintenance requirement. 
G. Influence of "Inocul um Concentration 
Other than fermentation temperature, i nocul u_m strength was the 
single greatest determinant of the log-phase rate of ethanol formation. 
This parameter was tested at intervals as great as an order of magni-
tude so as to amplify its effect on fermentation rate. The experi-
mental results, ·depicted in Figure 23, indicate an increasing log-
phase rate of ethanol formation with increa_sing inocul um concentra-
tion; this trend is shown more clearly by Figure 24. At the same time, 
the lag period tended.-to become shorter with increasing inoculum con-
centration. The result of the trial with an inoculum strength of 
108 cells/gram raw sorghum is somewhat anomalous, since it is lower 
than the apparent rate for any of the other trials in this experiment. 
Further inspection of Figure 23 reveals that some sacrifice in 
maximum ethanol concent.ration results from the use of a strong i nocu-
1 um. This pattern is reflected in the yie.lds for ethanol formation, 
plotted in Figure 25. Few inferences can be drawn f}'.'Om this plot other 
than the general tendency of the yield to be low at high inoculum con-
centrations and high at low inoculum concentrations. There may be a 
greater mai.ntenance requirement when the yeast ce 11 s are present in· 
high concentration. Or, there may· be more cell growth and reproduc-
tion taking place at high cell concentrations, with the debris of dead 
cells providing nutrients essential for the growth of new daughter 
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FIGURE 25: EFFECT OF INOCULUM CONCENTRATION 
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cells--in other words, a high rate of cell turnover. 
In practical terms, however, the di~ferences in maximum ethanol 
concentrations and in the corresponding yield factors were relatively 
small. Thus, the inoculum ~oncentration of 2 x 108 cells/gram raw 
sorghum was selected for later experiments because it would result in 
a rapi'd fermentation rate. To provide some perspective, the inoculum 
level of 7 x 108 cells/gram raw sorghum was the highest tested for the 
simple reason that the yeast cells ~ould not be packed any more tightly 
·into the 5 ml. inoculum. 
H. Rotary-Drum Fermentations 
Use of the rotary-drum fermenter ·revealed several important as-
pects of ethanol production by ·sol id-state fermentation. Runs w~re 
carried out over a speed range from one to 40 r.p.m., which was suf-
ficiently broad to demonstrate the effects of continuous mixing. Fur-
ther, several prictical tonsiderations became evident during operation 
of the rotary-drum fermenter ( RDF) that had not seemed important for 
the earlier experiments ·ir:i shakeflasks. 
Initial runs demonstrated that proper moisture level in the mash 
is critical to effective mixing.of the sorghl.111 particles. The intended 
mash moisture level for all RDF runs was 65% {by weight). But, use of 
the previous estimate of 25% non-vo1atile solids in the raw sorghum 
resulted in the formation of large, stationary clllllps of mash in the 
pockets between each· baffle and the wall. Evidently, the.mash moisture 
level was too high in these ~arly RDF runs; indeed, a check on ~he 
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fraction of non-volatile solids showed that the sorghum was not being 
dehydrated to the desired level. 
Three remedies were used to resolve the sticking problem: a) 
two of the four baffles were rerooved from the RDF; b) the fraction of 
non-volatile .sol ids in the raw sorghllll was measured more carefully; 
and c) chopped sorghum was used directly·after being dehydrated, with 
no intervening steam sterilization step. The first change was pr001pted 
by the observation that ascending baffles seemed to dump their load of 
mash directly into the ~ocket of the following baffle; remova 1 of two 
baffles eliminated this packing process and reduced the number of avail-
able pockets. The second change was a long-overdue check on the raw 
sorghum. Two new determinations of·non-volatile solids content pro-
duced figures of 22.75% and 21.34%, indicating that the moisture level 
of raw sorghum varies somewhat. In view of the great care given to 
proper dehydration of the chopped sorghum, the third change was insti-
tuted to prevent absorption of steam (or its condensate) in the auto-
clave. Due to the low water activity in the mash (at a _moisture level 
of 65%), there was little concern for contamination. during the period 
of an RDF run. Further, unsterilized sorghum and sterilized sorghum 
were shown (in Section I~I. B.) to serve equally well as fermentation 
substrates. Thus, the experfmenta 1 results should. have been unaffected 
by omission of the sterilization step. However, the fermenter itself 
was autoclaved before being loaded with dehydrated sorghLITI. 
Most RDF runs resulted in slower fermentation rates than those in 
the accompanying shakeflask runs. A typical set of profiles for 
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ethanol accumulation is shown in Figure 26. In addition, the dif-
ference in initial production rates of ethanol between ·the RDF. and 
the shakefl ask was a function of rotationa 1 speed. A su1T111ary of the 
experimental results is presented in Table II; the "relative produc-
tion rate" is simply the ratio of the initial production rates in the 
RDF and in the shakeflask. In Figure 27, the relatfve production 
rates are plotted for the various rotationai speeds tested. Figure 
28 shows the ethanol production rate·s for the RDF, without any nor-
malization. A significant drop in the rate of ethanol production 
occurs as the degree of agitation is increased. This effect may r.e-
sult from physical damage to the yeast .cells, which increases with the 
degree of agitation. 
In contrast to the trend of fermentation rate, the ethanol yield 
increased with the degree of agitation. Figure 29 depicts the yields 
calculated for the RDF runs at the three lowest rates of rotation. No 
concrete explanation is available for this trend at present. 
Also evident in Fig_ure 26 is the typical pattern of the final 
ethanol content of the mash in the. RDF rising above that in the shake.,. 
flask. Since the sorghum substrate and inocula were pr~pared in pre-
cisely the same manner, and since a cofTITlOn fermentation temperature 
(35° C.) was used, the· difference was presumed to be caused by each 
vessel's provision for gas exchange.with the atmosphere. It should be 
pointed o_ut that the RDF operated under conditions that were almost 
completely anaerobic. The hollow axles, depicted in Figure 3., were 
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TABLE II: RATES OF ROTARY DRUM FERMENTATIONS 
· Initial Production Rates 
Rotational ( g. EtOH per 1 i ter per hour) Relative 
Speed Production 
(r.p.m.) RDF Shakefl ask Rate 
1 3.08 2. 90 1:.06 
5 2.84 3.62 0.78 
10 3. 14 4.40 0. 71 
20 2.29 4.20 0.54 
40 1.97 s:.oo 0.39 
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FIGURE 27: EFFECT OF AGITATION ON 
RELATIVE PRODUCTION RATE 
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FIGURE 28: EFFECT OF AGITATION ON 
FERMENTATION RATE 
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plugged after it was observed that the hot air stream in the tempera-
ture-controlled box could have been stripping ethanol during the ini-
tial RDF runs. Only a slight looseness in one of these plugs allowed 
the escape of carbon dioxide gas during the fermentation; otherwise, 
the fermenter remained tightly closed (except during sampling periods). 
In contrast, the shakefl ask was equipped with a stainless-steel Morton 
cap, which allowed free access of air to the shakefl ask 
I s contents. 
The fennentation rate was slower at the 65% moisture leveJ of these 
runs than it had been during the selection of reducing agents, done at 
a nominal moisture level of 67%*. Because of the long ferm~ntation 
times that resulted, most or all of the reducing agent became oxidized 
(and thus, rendered useless) by atmospheric oxygen ·before the mash ha~ 
attained its maximum concentration of ethanol. 
To test the hypothesis that free exchange of air was pennitting 
aerobic catabolism of ethanol, a special shakeflask trial was conducted. 
The apparatus used for this trial resembled that depicted in Figure 2, 
with the omission of the tube for nitrogen fe~d. Following the pro-
cedure used for other shakeflask trials, the only mixing provided was 
a manual stirring at each· sampling period. As shown in Figure 30a, the 
stoppered shakeflask exceeded the regular shakeflask in ~thanol accumu-
lation. However, the lack of oxygen limited cell growth, thus reducing 
the fermentation rate. 
* This figure 1s probably low, because of a bad·estimate of non-volatile 
solids content, and the probable absorption of moisture during steri-
lization. 
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FIGURE 30A: SHAKEFLASKS CLOSED WITH STOPPER 
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Concurrent with this experiment, a fermentation was done in the 
RDF at one r.p.m. (refer to Fi_gure 30b). If the trend indicated by 
Figures 27 and 28 holds true, the trial in the stoppered shakeflask 
should have done as well as the. rotary-drum fermentation, or even bet-
ter, since both vessels ·were·closed to air exchange and had little agi-
tation. However, bec_ause ·the vent tube for the stoppered shakeflask 
was submerged in water, the hydrostatic pressure at the tube's outlet 
held a positive pressure inside the flask. Consequently, the lower 
final concentration of ethanol in the stoppered shakeflask may have 
been due to a carbon dioxide inhibifion, which could have been relieved 
by adequate venting. The final ethanol concentration attained for the 
run in the RDF was 10.5 g. ethanol/100 ml. juice-~the highest of the 
entire experimental program. But, since the run was :terminated at 75 
hours, it is not kno~n if this concentration is the highest possible 
with the rotary-drum apparatus. Slightly higher ethanol concentrations 
may be attained if the fermenter is operated at extremely low speeds 
and under completely anaerobic conditions. 
Throughout the series of RDF runs, pH change was monitore9. The 
average drop irt pH was about 0.3, from pH 5.0 to pH 4.7. This compares 
with a drop of 0.6 (from· 4.8 to 4.2) in the inoculum-strength experi-
ment and a drop of 0.5 (from 4.9 to 4.4) in the cell;.;removal experiment. 
Evidently., the complex makeup of sweet sorghum provides a buffering 
effect for the by-product acids that might otherwise limit the extent 
of fermentation. 
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FIGURE 30B: STOPPERED SHAKEFLASK COMPARED TO 
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I. Quantification of Yeast Biomass 
I.n order to formulate a complete kinetic model for the SSF pro-
cess, it is necessary to monitor the accumulation of yeast biomass. 
The approach attempted in this investigation was ineffective because 
it was based on the ability to remove yeast cells from the sorghum 
particles. In actuality, the ·yeast cells become. lodged in recesses on 
the surface of the sorghum.particles, ~nd thus their complete removal 
is not practicaliy possible. 
The cell counts determined during the experiment were highly ir~ 
regular. To investigate the. reason for these erratic counts, tnash 
samples from the 30.S~hour sampling period were dehydrated for analy-
sis by scanning electron microscopy (SEM). The resulting photomicro-
graphs are presented in Figures 31a, b, c, and d. The overall view 
afforded by Figure 31a shows an abundance of yeast inhabiting the re-
latively large cells·of the sorghum particles, cut open by·the chop-
ping step. Figure 31b is a cl.ose-up view of the same unwashed mash 
sample; for reference, a ten ~m. bar is provided at the bottom of the 
photomicrograph. After the mash samples were washed, a fair aroount of 
the yeast remained in the corners of the larger plant cel)s.· This is 
shown quite well by Figure 31c (washed with EDTA) and Figure 31d 
(washed with urea).- Cons·equently, it was not possible to monitor ac-
cumulation of yeast biomass by the method used for this investigation. 
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IV. CONCLUSIONS 
This investigation has identified several key considerations 
for the solid-state fermentation of sweet sorghum to ethano 1. Chief 
findings and some suggestions for future work are listed below. 
1. The pith of sweet sorghum can be used as a substrate for solid-
state fermentation, without a juicing step to remove the solids. 
In fact, inclusfon of the soli"ds enables the yeast to consume a 
greater fraction of the total sugar content in the sorghum pith. 
2. Chopped sorghum need not be squeezed before being us.ed as a fer-
mentation substrate. The rate and extent of fennentation were 
not significantly affected by pre-squeezing the chopped sorghum. 
3. Reducing the mo-istur~ level of the mash increased the rate of 
ethanol production and the maximum ethanol concentration~ but 
decreased the ethanol yield. The most favorable range for etha-
nol production was between 65% and 70% moisture (_by weight) in 
the mash. 
4. Due to the low water activity in the mash (at 65% moisture 1 evel), 
dehydrated sorghum need not be sterilized before being used as a 
fermentation substrate. Sterilized and unsterilized sorghum par-
ticles served equally·as well as Jennentation substrates. 
5. Little benefit is gained by adding inorganic nutrients to the 
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chopped sorghum. Evidently, the sorghum pith contains all nu-
trients essential to ethanol production. In addition, sweet 
sorghum provides a buffering effect for by-product acids formed 
during the ferm.entation; the drop in pH during fermentation was 
roughly 0.5 unit. 
6. Anaerobic conditions helped to maximize the ethanol concentra-
tion,.and prevent ethanol consumption by the yeast. Two reducing 
agents, sodium sulfide and cysteine hydrochloride, were effective 
in establishing anaerobic conditions for fermentations shorter 
than 60 hours. 
7. The rate of ethanol fermentation increased with fermentation 
temperature between 20° C. ~nd 35° C •. , but did not increase fur-
ther between 35° C. and 40° C. A temperature of 35° C. was chosen 
as the optima 1 fermentation temperature qecause it resulted i"n a 
high rate of ethanol formation. 
8. The fermentation rate increased with initial yeast concentration 
in the mash. The rate increased by a factor of 1 .8 when inoculum 
strength was raised by a factor of 700. The iDfluence of inocul um 
strength on maximum ethanol concentration and on ethanol y.ield was 
relatively· small. An inoculum .strength of 2 x 108 cells/gram raw 
sorghum was chosen as the optimal level because it resulted in a 
high rate of ethanol formation. 
9. Agitation decreases the rate of fermentation. At low rotational 
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speed (about one r.p.m.), the fermentation rates in the rotary-
drum fennenter and the shakeflask were nearly equal. But, as 
the rotational speed was raised to 40 r.p.m., the fermentation 
rate in the rot~ry drum dropped to only 40% of the rate in the 
shakeflask. 
10. A concentration of 10.5 grams ethanol per 100 ml. juice.was at-
tained for the RDF run at one r.p.m. Improper venting of car~ 
bon dioxide gas prevented the attainment of an equally high con-
centration of ethanol in an anaerobic shakeflask run. 
11. During the fermentation process, yeast cells become lodged. in 
recesses on the. surface of the sorghum particles. Therefore, 
an attempt to quantify yeast bi amass by remov.i ng yeast ce 11 s 
from the sorghum particles was ineffective. Use of a protein 
assay may be a more reliable way of quantifying accumulation of 
yeast biomass, thereby permitting a thorough analysis of the 
fermentation kinetics. 
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.APPENDIX A 
Sample Calculation for Dehydration of Chopped Sorghum 
Proper dehydration of sorghum particles required knowledge_ of the 
fraction (D) of non-volatile solids in the raw sorghum. This value was 
determined by drying a pair of 22-gram portions of raw sorghum in an 
oven for three hours at 90 to 100° C. Sorghum particles were spfead out 
in aluminum-foil trays for effective dehydration. The average of the 
fractions (final net wt./initial net wt.) for the two portions was used 
as the value of D. 
Consider the dehydration of 100 grams of raw sorghum to a moisture 
. 
. 
level of 70% (by weight) in the mash. From the above technique, the 
amount of non-volatile solids in the raw sorghum is known to be D grams. 
Five ml. of inoculum. containing roughly five g. water, will be added 
to start the fermentation. The va 1 ue to be detenni ned, x, corresponds 
to the desi.red amount of moisture (grams) in the dehydrated sorghum. 
(X + 5) 
D + (X + 5) 0.70 
. { X + 5) ( 1 - 0. 70) = 0. 700 
0.30X = 0.700 - 1.5 
>4 = 0.700 _ 5 0.30 
So, the final weight of the dehydrated sorghum should be (x + o): 
-84-
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that is, the combined weights of the remaining moisture and the non-
volatile solids. Wh~n a fennentation trial called for 100 grams of 
raw sorghum, the weight of dehydrated sorghum actually used was 
(X + D) grams, which contained a11 the sugars originally present in 
the 100 grams of raw sorghum. 
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APPENDIX B 
Sources of Yeast Strain ·and of Sweet Sorghum 
Saccharomyces cerevisfae, strain Y-11572 
obtained from: Agricultural Research Culture Collection 
Northern Regional Research Center 
U. S. Department of Agriculture 
1815 N. University Street ~ 
Peoria, IL 61604 
Sweet sorghum, .cultivar Ramada 
obtained from: Dr. Stephen Kresovi ch, Assistant Professor 
Texas Agricultural Experiment Station 
2415 East Highway 83 
Weslaco, TX 78596 
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APPENDIX C 
Recipes for Nutrient Media 
Complete Medium [14] and Medium #3 
M 
E 
D 
I 
u 
·M 
# 
3 
component 
glucose [omitted] 
(NH4)2S04 
KH2P04 
MgS04 · 7H20 
CaCl 2 
HB02 
C0S04 . 7H20· 
CuS04 · 5H20 
ZnS04 · ?H20 
MnS04 · lH20 
KI 
FeS04 · 7H20 
Al 2(S04)J 
biotin 
pantothenate 
.i nosito 1 
thiamin 
pyri doxine 
p-aminobenzoic acid 
nicotinic acid 
concentration 
-87-
(g./1.) 
100.0 
5·.19 
1 .-53 
o .. 55 
0 .13 
0.01 
0.001 
0.004 
0·.01 
0.003 
0.001 
0.002 
0.003 
0.000125 
0.00625 
0 .125 
0.005 
0.00625 
0.001 
0.005 
. 
.. 
.. 
.. ; 
t 
I >. 
. 
·'·. 
4 \-, 
a • I 
: ... · 
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. ' . . 
.... ••11, 
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l ·• 
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,!'""t.· 
ll-. 
·• ;,. 
. . 
. -~· . 
. :• ·:.~ -
.·, 
•·,'--. 
. . ' 
·. ), .. 
·.· .. 
Medium #1 
concentration 
comEonent (g;Jl .L 
(NH4)2S04 5.2 
~:-~~ 
KH2P04 LS : .... 
M9S04 . 7H20 0.5 
.. 
EDTA 0.05 
l C0S04_ · 7H20 0 .001 CuS04 . SH20 0.004 . ZnS04 . 7H20 0 .. 01 . .. , I 
MnS04 . 1H20 0.003 
FeS04 . ?H20 0.002 . .. 
' . I 
''. 
• • • I 
• 
.. 
!~ , ' 
.... J 
;l,. 
~. I I 
. •' 
.. 
. . 
-· 
' 
Medium #2 
I 
., I 
• 
.. . 
concentration .... 
comEonent (g./1.L .'.' ·. : '~\ 
.. •:1 .. 
(NH4)2S04 5.0 
. ' .. 
. .. 
KH2P04 1.5 
... 
. . 
EDTA o .. os ;:,J, 
M9S04 7H20 0.2 
.. ·.-
. 
•-t! 
. 
ZnS04 7H20 0.008 
.. . \~ 
. 
• L ,, 
••:1.· 
r· '.· 
FeS04 . 7H20 0.02 
,. :;, 
J .. ! 
MnS04 . 1 H20 0.02 
~- 1. 
~-:~~ 
.:i.·.~· 
. '. 
~. ~ 
.. ' 
-~·,'_;'~ 
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YM Broth 
component 
yeast extract 
ma 1 t extract 
peptone 
glucose 
concentration 
(g./1.). 
3.0 
3.0 
5.0 
10.0 
YM agar may be prepared by dissolving 2% (w./v.) agar in this 
medium. 
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